WormGUIDES is an open-source dynamic embryonic system designed to facilitate global understanding of cellular decisions in the developing nervous system of the nematode C. elegans. WormGUIDES was designed to allow investigation and exploration of the observational results of the C. elegans life cycle from laboratory experiments. In the process of a mechanistic C. elegans model development, some functionalities of WormGUIDES needed to be enhanced to support model validation and verification. In this study, a new way to visualize 3-dimentional vectors within WormGUIDES was investigated and presented. Then, the practical values of this method were demonstrated by visualizing two biologically significant directions (i.e., division orientation and cell polarity) of individual embryonic cells in C. elegans. Lastly, a mathematic approach was designed to illustrate the differences between these two sets of vectors and provide easy indications of the location of these individual cells that have large data discrepancies within the C. elegans embryonic system.
Introduction
In the past several years, a consortium of biologists, computer scientists, and microscopists from the Memorial Sloan Kettering Cancer Center, Yale University, the University of Connecticut, and the National Institute of Health have worked together to create a novel systems-level resource that will facilitate examination of cellular decisions in the developing nervous system of the nema-bryonic systems, is WormGUIDES [1] . WormGUIDES was solely a mobile app until 2016, when a desktop version of WormGUIDES was released with detailed information on cell shapes, note-taking, and sharing functionality, as well as single-cell information summaries [2] . Along with current development of agent-based embryogenesis modeling [3] [4], we would like to extend the WormGUIDES functionality for model verification and validation. This process is necessary in order to achieve an efficient way of comparing any 3D vectors through visualization. In this paper, we first summarize the software architecture of WormGUIDES, and then present a method to visualize the 3-dimentional vectors with RGB values. Finally, we demonstrate the practical use of this method to visualize two sets of 3-dimentional vectors with significant biological meanings: division orientation and cell polarity. The experiment can be extended to other vectors to facilitate further model calibration and verification.
Software Architecture of WormGUIDES

Computational Platform and Software Architecture
The source code for the desktop version of WormGUIDES is located on GitHub for free download [5] . The computational platforms used in the study are a MacBook Air and a workstation at MSKCC. The detailed WormGUIDES installation instructions are available online [6] .
Currently, there are two important functions embedded within Worm-GUIDES. One of these functions is designed to contain and display the C. elegans lineage tree information from previous experiments [7] and after gene mutation & manipulation [8] . The other important function is to allow access to and visualize the connectome, the complete neural connectivity record which is uniquely available for C. elegans [9] .
Additionally, WormGUIDES contains several utilities to support user search and query. The WormGUIDES interface is illustrated in Figure 1 .
As shown in Figure 1 , the WormGUIDES software is designed to provide intuitive and elegant representations of C. elegans's information. WormGUIDES's main interface contains many functions to improve the accessibility of underlying data. Beginning with the first tab on the left side of WormGUIDES, Stories are user created shareable annotations, meaning that they are text that offers more specific insight into embryonic events. They appear on the active screen on the right when selected by the user. Next to Stories, the Coloring and Display tab can be used to find cells or multicellular structures, and defines many different ways of selecting and coloring cells based on different attributes. Under the main 3D window a scroll bar allows the user to navigate any part of the embryo at any point of its life from 20 mins after the first cell cleavage to ~379 mins later when spontaneous muscle movements begin. Under the scroll bar, when a cell is clicked on the active screen, the Information Box provides more detailed information on the functionality of the cell and the cell's descendants. Additionally, it provides more information on the current active story. 
Data Visualization Procedure within WormGUIDES System
WormGUIDES provides the intuitive creation and sharing of interactive visualizations. Users can create custom color schemes to highlight features of interest.
Multiple color layers can be combined to create an interactive 4D illustration of key events or features. This view of the embryo can then be shared with others encoded in a URL text string. This functionality can be used to visualize arbitrary single cell data superimposed on the model by computing a mapping from data into RGB. A color space and outputting a URL which assigns each cell in the embryo a unique data-driven color.
The Visualization of 3D Vectors
In the agent-based modeling for C. elegans embryogenesis, several important biological concepts (such as the previously mentioned examples of division orientation and cell polarity) are represented in the format of vectors. Therefore, a good visualization of 3D vectors with RGB values is necessary. To convert the vector directions into RGB values, we must first setup a defined range for each vector to map onto the RGB value. Since the magnitude of the vector is not necessary to find the division orientation, we can normalize the XYZ components of vectors. By normalizing the vectors, we set the max value for the XYZ vectors at 1 and the min at −1, therefore allowing the RGB values, from 0 to 255, to be easily mapped onto the vector values. We visualize these 3D vectors in Worm-GUIDES using a simple algorithm. By associating the X, Y, and Z directions with
Practical Applications of Data Visualization
An important example of a vector to visualize is cell division orientation, defined as the direction in which a parent cell splits into two daughter cells. Cell division orientation is important for morphogenesis, cell fate, and tissue homeostasis. In this section, we use our color schemes to visualize the division of orientation, measured from tracked cell positions. In C. elegans embryogenesis, the division orientation is closely related to another concept, cell polarity, which is defined as "the asymmetric organization of several cellular components, including its plasma membrane, cytoskeleton or organelles" [10] . Cell polarity causes asymmetric organization within a cell, such as localization of molecules. Cell polarity impacts the division orientation [11] since the mitotic spindle can be oriented based on the asymmetric localization of regulators, such as PAR proteins, or the Wnt signaling pathway. However, unlike division orientation, cell polarity caused by many factors and cannot be easily modeled. As a result, we first make several assumptions to derive a cell polarity from a division orientation. Then we can visualize the cell polarity and quantify the differences between division orientation and cell polarity to identify the sources of these differences.
Calculation and Visualization of Division Orientation from Observation
A MatLab program is created to calculate the division orientations from observational datasets, derived directly from the microscopic images from Dr. Bao's lab. Each dataset contains the cell list at a specific timestamp during the observation. The interval of observation is around 60 seconds. The pseudo code of division orientation calculation is illustrated in Figure 2 . First, we load the tracked The pseudo code of division orientation calculation is illustrated in Figure 2 . Following the procedure described in Section 2.4, the collection of visualization results is shown in Figure 3 . As illustrated, each dot represents one nuclei in the embryo. The colors of the dots in the images above each represent the division orientation of one of the cells, which is derived from the observational dataset. Each image is representative of a different point of time in the embryo's development. From these images, we observe that the division orientation of AB related cells at each generation have similar colors, especially at the early development phase (before the 220 minutes after the beginning of embryo growth). This observation leads us to an assumption that the dominant driving force in each generation of AB-related cell development may be the same. It can also be used to estimate the cell polarity in the cell development.
Calculation and Visualization of Cell Polarity of Cells within AB Sub-Lineage
In our study, we define cell polarity as the main factor for determining division orientation. As we previously mentioned in Section 3, it is difficult to model the cell polarity directly from observation. However, in Section 3.1 we observed that the division orientation of AB related cells at each generation have similar directions at the early development phase. As a result, we may assume cell polarity for each cell in the AB sub-lineage tree in a generation is the same. The cell polarity of all the cells of same generation within AB sub-lineage tree is thereby calculated by averaging the division orientations for the generation of cells. Then, adding the X, Y, and Z components of the vectors to get the main vector, normalizing this main vector, and splitting it back into components should allow the cell polarity to be easily mapped onto its respective RGB values.
As illustrated in Figure 4 , the cell polarity within AB lineage changes from generation to generation. The color of cell polarity in the first image is light green, which means the direction more aligns with Z axis, while the color of cell polarity in the second image is orange, which means the direction more aligns with X-Y plane. It is a very rapid change. From the third image, the colors of cell polarity vary within the range of orange and pink/red, which shows the direction is still aligned with the X-Y plane. The comparison between Figure 3 and Figure   4 shows differences of these two sets of vectors, so that we may need to reevaluate of our methods and assumptions of cell polarity calculations. In the next section, we would like to quantify these differences to identify the sources for the major data discrepancy.
Quantification of Differences between Observed Division Orientation and Calculated Cell Polarity
To find the differences between the observed division orientation and calculated 
Conclusions and Discussions
WormGUIDES is an open-source dynamic embryonic system developed by 
